The Australian paralysis tick (Ixodes holocyclus) secretes neuropathic toxins into saliva that induce host paralysis. Salivary glands and viscera were dissected from fully engorged female I. holocyclus ticks collected from dogs and cats with paralysis symptoms. cDNA from both tissue samples were sequenced using Illumina HiSeq 100 bp pair end read technologies. Unique and nonredundant holocyclotoxin (HT) sequences were designated as HT2 to HT19, as none were identical to the previously described HT1. Specific binding to rat synaptosomes was determined for synthetic HTs, and their neurotoxic capacity was determined by neonatal mouse assay. They induced a powerful paralysis in neonatal mice, particularly HT4 which produced rapid and strong respiratory distress in all animals tested. This is the first known genomic database developed for the Australian paralysis tick. The database contributed to the identification and subsequent characterization of the holocyclotoxin family that will inform the development of novel anti-paralysis control methods.
Introduction
Ticks are hematophagous obligate ectoparasites that belong to the Class Arachnida which includes spiders and scorpions. They impair the health of livestock, pets and humans directly via blood loss, or indirectly as vectors of tick-borne diseases (Jongejan and Uilenberg, 2004) . The parasitic stage of the tick life cycle is initiated when feeding larvae overcome the host's hemostatic and immunological responses (Rodriguez-Valle et al., 2010 . Tick saliva mediates the disruption of host defenses through a complex mixture of molecules such as serine protease inhibitors, proteases and lipocalins (Francischetti et al., 2009; Rodriguez-Valle et al., 2010; Ribeiro et al., 2011) . Additionally, the saliva of some tick species have venomous characteristics due to the presence of toxins that induce host paralysis (Masina and Broady, 1999; . Stone et al. (1989) suggested that paralyzing tick toxins' 'most likely primary function is as a feeding stimulant, with toxicity as a secondary, probably accidental, additional function'. It has been reported that 69 tick species from a total of 892 described species are associated with tick paralysis, and most are members of the Ixodidae (hard ticks) while only nine are members of the Argasidae (soft ticks). The most economically significant of these tick species for animal and human health are Dermacentor andersoni and Dermacentor variabilis in North America; Ixodes rubicundus, Rhipicephalus evertsi evertsi and Argas (Persicargas) walkerae in Africa; and Ixodes holocyclus (the Australian paralysis tick) in Australia (Masina and Broady, 1999; .
Ixodes holocyclus is present along the eastern coast of Australia where high humidity and moderate temperatures underpin this geographic distribution. The number of domestic animals affected annually by tick paralysis ranges from 10,000 to 100,000 with a death rate of approximately 10% (Atwell et al., 2001; Hall-Mendelin et al., 2011; Vink et al., 2014) .
Additionally, there is increasing concern associated with the allergic reactions caused by this tick species in humans (Gauci et al., 1990) . In 1966, a purified protein fraction from I. holocyclus was found to contain toxins which produced paralysis in dogs (Kaire, 1966) . The toxicological potency of salivary I. holocyclus holocyclotoxins (HTs) was subsequently demonstrated in a biological assay using neonatal mice (Stone et al., 1982 (Stone et al., , 1983 . In 1992, I. holocyclus neurotoxin activity was shown using a rat synaptosome binding assay. Three neurotoxins (HTs) with molecular weights of approximately 5 kDa, named HT1, HT2 and HT3, were identified by isolating the proteins bound to rat synaptosomes, and a partial protein and full-length DNA sequence for HT1 was reported (Thurn, 1992) . Other studies attempted to produce a recombinant variant of HT1, which exhibited immunogenic properties against toxin present in salivary gland (SG) extracts of I. holocyclus but no protection from paralysis symptoms in immunized animals (Masina and Broady, 1999; HallMendelin et al., 2011) . Twenty-one nucleotide sequences related to HTs were recently submitted to GenBank (https://www.ncbi.nlm.nih.gov/pubmed/23193287) and were linked to a patent application by Zoetis, Australia (WO 2014018724 A1). However, the patent did not report the biological activity of these toxins in animal models, which is presented here.
Tick genomes are typically large, highly repetitive and difficult to assemble, and few whole genome projects have been undertaken, with the Ixodes scapularis genome being the first tick genome available in 2016 (Gulia-Nuss, 2016 Limited I. holocyclus sequence data is available despite the medical and veterinary significance of this tick species. Recently, a preliminary study of the I. holocyclus sialotranscriptome was conducted using fully engorged I. holocyclus female ticks collected from dogs and cats (incidental hosts) with paralysis symptoms (Illumina HiSeq), and from bandicoots (primary hosts) (454 FLX Roche). The data from this study showed that the host had an effect on the expression of I.
holocyclus transcripts (Ong, 2016) .
We report for the first known time a transcriptome dataset containing 13,872 transcripts unique to viscera (VISC) and 6,095 transcripts unique to SGs of adult female I. holocyclus ticks.
Toxin-related sequence descriptions were identified for 72 transcripts within the dataset. Data showed that HTs are members of a multigene family that encodes proteins with variable amino acid sequences, but with a highly conserved inhibitor cysteine knot (ICK) motif (Vink et al., 2014) . HTs have a neurotoxic effect induced by their direct interaction with cells of the host nervous system.
Synthetic forms of these toxins were capable of binding to rat synaptosomes in vitro, and induced symptoms of paralysis in neonatal mice in vivo. This will lead to the development of new targeted paralysis treatments and preventative vaccines to protect animals from paralysis. This research significantly expands the genomic information available for Ixodes spp., and contributes to the characterization of the Australian paralysis tick HT family. This is the first known comprehensive report showing tick toxin discovery and biological activity of synthetic HTs.
Materials and methods

Tick collection and mRNA isolation
SGs and VISC were dissected from two pooled collections (two biological replicates) of ~25-30 fully engorged female ticks collected from different locations within known geographic areas of the I. holocyclus habitat (eastern Australian coast). Veterinary clinics across these areas participated in the collection of fully engorged ticks from cats and dogs (the majority of ticks were collected from dogs) with confirmed tick paralysis symptoms. RNA was prepared from dissected SGs and VISC disrupted by repetitive passage through a syringe in the presence of TRIzol® reagent. Total RNA was extracted according to the manufacturer's protocol (GibcoBRL, USA).
mRNA was isolated utilising the Poly (A) Purist TM MAG Kit (AMBION, USA). (Smeds and Kunstner, 2011) . Samples were filtered for potential contamination using Bowtie2 and SAMtools (Li et al., 2009; Langmead and Salzberg, 2012) , using bacterial genome (taxid:2) sequences downloaded from National Center for Biotechnology Information, USA (NCBI). The
Transcript quality control and assembly
Illumina paired read data sets were assembled using Velvet's Oases (Schulz et al., 2012) across odd kmers ranging between 59 and 79.
Transcript annotation
The longest transcript/open reading frame (ORF) (start to stop codon) for each Oases assigned locus was selected as the representative locus sequence, annotated using the Automatic Functional Annotation and Classification Tool (AutoFACT V3.4) (Koski et al., 2005) decision matrix based on BLASTX 2.2.23 searches (Altschul et al., 1990) of Clusters of Orthologous Groups COG) (Tatusov et al., 2003) , Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2012) , NCBI non-redundant protein (Wheeler et al., 2008) , UniRef100 (Boutet et al., 2007) , and UniRef90 (Boutet et al., 2007; Marchler-Bauer et al., 2009) (Finn et al., 2010) and Simple Modular Architecture Research Tool (SMART v4.0) (Letunic et al., 2009) database; followed by the assignment of Gene Ontologies (GO) (Harris et al., 2004) .
Creating a non-redundant dataset for each sample
The Cluster Database with High Identity with Tolerance (CD-HIT) was used to collapse the sequences with 100% identity to create non-redundant datasets for the salivary gland and viscera samples.
Protein clustering of orthologous groups
The longest translated ORFs were selected from EMBOSS version 6.3.1 (Rice et al., 2000) 'getorf' ORF translations of regions between the start and stop codons. The sample protein data sets were then clustered with OrthoMCL (Fischer et al., 2011) at 50% identity and 50% alignment coverage.
Secreted protein searches
Sample transcripts were analysed for the presence of signal peptides using the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) showing D cut-off scores using default settings of 0.45 -no TM networks and 0.5 -TM networks. The transmembrane region numbers were determined using the TMHMM 2.0 server (http://www.cbs.dtu.dk/services/TMHMM/).
Gene expression analysis
Assembled transcripts for SG and VISC samples were merged using CD-HIT (Fu et al., 2012) , using a minimal sequence similarity threshold of 95%. This yielded 68,065 representative transcripts that were used for expression analysis. High quality Illumina reads sequenced for SG and VISC samples were aligned onto 68,065 I. holocyclus representative transcripts using Bowtie 2 (Langmead and Salzberg, 2012) . Aligned raw counts for each transcript were calculated using SAMtools (Li et al., 2009) . Transcripts with • 1 1 read per million (RPM) mapped tags for at least three samples were selected for statistical analysis. Differentially expressed transcripts between SG and VISC samples were calculated using edgeR (Robinson et al., 2010) . The tool eXpress (Roberts and Pachter, 2013 ) was used to calculate fragments per kilobase of exon per million mapped reads (FPKM).
HT sequence analysis
HT sequences identified within the transcript libraries and confirmed by protein BLAST were aligned with the previously reported HT1 protein sequence (GenBank Accession No. AAV34602). HT sequences were assembled using ClustalW default parameters within Geneious Version 9.1.5 (Biomatters Ltd., New Zealand). The signal peptide cleavage sites of each HT were determined using the SignalP 4.1 Server. Potential glycosylation sites were predicted using the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). Using the ClustalW alignment, a
Jukes-Cantor distance model with 1000 bootstrap replicates was undertaken to construct a Neighbor-Joining tree using a branching support threshold of 70% (Geneious Version 9.1.5).
Duplicate and incomplete HT protein sequences were removed from the alignment for tree building using the Versutoxin from the venom of the funnel-web spider Atrax versutus (GenBank Accession
No. P13494.1) as an out-group (Brown et al., 1988) . Twenty-one nucleotide sequences (Sequence 1 -Sequence 21) identified by the patent WO 2014018724 were translated into predicted protein sequences and those with full ORFs were included into the Neighbor-Joining tree analysis.
Synthesis of the HTs
HT1, HT2, HT3 and HT4 sequences were synthesized as the following sequences:
respectively. Peptides were automatically assembled using Fmoc chemistry on 2-chlorotrityl resin at a 0.25 mmol scale using a CS-Bio peptide synthesiser. Couplings were performed for 30 min with four equivalents (eq) of amino acids and 0.5 M N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (4 eq) and N,N-diisopropyletylamine (4 eq) in N,Ndimethylformamide (DMF). Fmoc deprotection was carried out for 2 x 5 min using 20% piperidine in DMF. DMF was used for washing steps in between couplings and deprotection. After completion of the chain assembly and final deprotection of the terminal, Fmoc group peptides were cleaved off the resin using a mixture of 92.5% trifluoroacetic acid (TFA), 2.5% 2,2′-(ethylenedioxy) diethanethiol, 2.5% triisopropylsilane and 2.5% water (all v/v). TFA was removed under reduced pressure and peptides were precipitated in ice-cold ether, resolved in a 50:50 mix of buffers A (100% water, 0.05% TFA) and B (90% acetonitrile, 10% water, 0.045% TFA) (all v/v), and lyophilized. Peptides were purified by Reversed-Phase HPLC on a Shimadzu Prominence HPLC unit using preparative and semi-preparative Vydac C18 columns with linear gradients of 1%/min of buffer B at flow rates of 8 and 3 mL/min, respectively. Oxidation was performed using either 0.1 M NH 4 HCO 3 with 13 µM reduced glutathione (HTs 1, 2 and 4) or a mixture of 35% DMSO, 5%
dodecyl-β-maltoside and 2/2 mM reduced/oxidized glutathione (HT 3) at pH 8.2 for 48 -96 h.
Purity (>95%) of the correct products was assessed by mass spectrometry and analytical HPLC.
Purity (>95%) of the major product for each peptide was assessed by mass spectrometry and analytical HPLC before subsequent analysis by Nuclear Magnetic Resonance (NMR) spectroscopy.
[ 1 H] NMR spectra for each peptide dissolved in 90% H 2 O/10% D 2 O (pH 3.5 -4.0) were recorded at 298 K on a Bruker Avance 600 NMR spectrometer (Bruker Corporation, MA, USA). Spectra were analyzed using Topspin 1.3 (Bruker). All peptides gave well-dispersed peaks in the amide region of the 1 H NMR spectra (Supplementary Fig. S1 ) which is characteristic of a folded, defined three dimensional structure. In addition, Total Correlated Spectroscopy (TOCSY) and Nuclear
Overhauser Effect Spectroscopy (NOESY) data were acquired for HT1 and were found to be consistent with the previously published NMR structural data (Vink et al., 2014) .
Synaptosome purification
Six male Wistar rats at 12 weeks of age were euthanized using CO 2 and their brains dissected (Animal Ethics approval QAAFI/502/12, The University of Queensland, Australia). The brains were transferred into a 15 mL Corning tube containing homogenizing buffer (HB: 0.32 M sucrose, 1 mM EDTA, 0.25 mM DTT, 5 mM Tris, pH 7.4). The excess blood was removed by rinsing the brains in HB several times. The brains obtained were homogenised in 9 mL of ice cold HB per gram of brain tissue in a pre-chilled tissue glass homogenizer mounted to a 1.5 A overhead stirrer (Laboratory Supply Pty Ltd, Australia) at speed 6 for 10 up/down cycles. The homogenate was centrifuged at 1000 g for 10 min at 4 o C and the supernatant collected (S1 fraction) in ~ 9 mL and diluted by the addition of 10 mL of HB. The diluted S1 preparation was kept on ice until the protein concentration was determined by the Bradford method (Brandford, 1976) . Synaptosomes were purified by discontinuous Percoll gradient (Dunkley et al., 2008) . Briefly, 2 mL of the S1
homogenate were diluted to a protein concentration of ~4 mg/mL and carefully pipetted onto the 3% Percoll layer of the Percoll gradient (3%, 10%, 15% and 23% vol/vol). The gradient was centrifuged at 31,000 g for 5 min at 4 o C. The F3 and F4 fractions were collected from the gradient by inserting a wide bore pipette tip and placing these fractions into a pre-chilled tube on ice. Icecold SET buffer (SET: 0. 32 mM sucrose + 1 mM EDTA) was added to obtain a total volume of 80 mL that was allocated into two 50 mL polycarbonate tubes. These SET diluted fraction were centrifuged at 20,000 x g for 30 min at 4 o C. The supernatant was discarded, and the pellet containing the synaptosome was kept on ice. Finally, the synaptosome preparation was frozen as described previously (Daniel et al., 2012) .
Binding of labelled HT to synaptic membranes
Synthetic HTs were labelled using the Alexa 488 kit (ThermoFisher Scientific Inc., Australia). BSA and the Taipan venom (Oxyuranus scuttelatus scuttelatus) (B.0189.13, Venom
Supplies Pty Ltd, Australia) were used as negative and positive controls, respectively. The standard binding procedure was conducted in triplicate by incubating 75 µg of synaptosomes with 5 µg of toxins in the dark at 37 o C for 90 min in Eppendorf tubes. The binding reaction was centrifuged for 7 min at 3,000 g and the supernatant was discarded. The pellet was washed three times with 180 µL of Krebs buffer (143 mM NaCl, 0.1 mM CaCl 2 , 1.2 mM MgCl 2 , 24.9 mM NaCO 3 ) followed by gentle agitation and centrifuged at 3,000 g to remove the unbound toxins. The pellet was resuspended in 100 µL of Krebs buffer and transferred to a Nunc F96 Microwell Plate. The fluorescence was read in a SpectraMax 340PC384 microplate reader with absorbance of 495 nm and emission at 519 nm, and processed by SoftMAX Pro (Molecular Devices LLC, Australia).
The quantification of the labelled HT bound in the synaptosome-binding assay was expressed as uptake units of labelled HT. A unit was defined as the total amount of labelled toxin bound minus the background. The amount of labelled toxin and BSA non-specifically bound to the empty Eppendorf tubes and synaptosomes were considered the background components of the assay.
Neonatal mouse assay
The experiment was conducted under approval of the Animal Ethics Committee, The
University of Queensland, Australia (QAAFI/502/12). A total of 40 Quackenbush White mice at 5 -6 days of age and approximately 4-5 g in weight were randomly allocated into test groups of six neonate mice per group. In the experiment each neonate mouse was injected s.c with 30 µg of synthetic HT1 (Group A), HT2 (Group B), HT3 (Group C), HT4 (Group D, this group had four mice); 30 µg of each HT1, HT2 and HT3 were mixed for Group E. Group F was the positive control and consisted of neonatal mice inoculated with 30 µg of salivary gland extract diluted in 100 µL of 1X PBS. Group G was injected with 1X PBS as the negative control of the experiment. Mice were observed every 30 min for 10 h and the degrees of paralysis at these time points were scored using the system previously described (Stone et al., 1982) :
0 -no paralysis, 1 -dropping of hips, 2 -partial paralysis in one hind limb, 3 -partial paralysis in both hind limbs, 4 -complete paralysis in one hind limb, 5 -progressing paralysis in other hind limb, 6 -complete paralysis in both hind limbs, 7 -complete paralysis in both hind limbs and partial paralysis in forelimbs, 8 -complete paralysis in all limbs, 9 -respiratory distress, 10 -euthanasia.
The mice were euthanized at score 9 or at the end of the experiment. = 865 bp and N50 = 1,543 bp in both tissue samples (Table 1) . Even though a large number of genes (n=19,967) were identified, it is likely that a significant fraction of non/low-expressed By combining the enzymes of both 'known secreted' and putative secreted categories, there were no enzymes unique to either SG or VISC samples.
Results
Illumina sequencing and assembly of the I. holocyclus transcriptome
Functional annotation of the I. holocyclus transcriptome
The longest assembled transcript for each Oases assigned locus was selected as the representative sequence. The possible function of assembled I. holocyclus coding sequence (CDS) was conducted by GO assignments (Harris et al., 2004) to classify the distinct sequences. The sequence homology of 13,872 and 6,095 transcripts unique to VISC and SG, respectively, were categorized into functional groups ( Supplementary Fig. S2 ). GO analysis of the transcripts illustrated an overall higher statistically significant (P<0.05) proportion of VISC GO terms for all categories ( Supplementary Fig. S2 ). The majority of genes were limited to the 'Cellular Tables S1, S2 ). However, these were under-represented in the VISC (Fig. 3) . The same trend was reflected in the number of 'hypothetical protein' clusters with more occurring in the SG (n= 61) than VISC (n=48), but a higher number of 'putative protein' clusters were identified in VISC (n=153) compared with SG (n=87). All other categories were similar between the two samples (Fig. 3) .
Highly expressed transcripts in the transcriptome of I. holocyclus
Transcripts assembled for SG and VISC samples were clustered using CD-HIT (Fu et al., 2012) Table S3 ). 
Identification and characterization of the holocyclotoxin family
A total of 18 different and non-redundant holocyclotoxin sequences were found in this I. holocyclus transcriptome analysis which were designated as HT2, HT3, HT4 up to HT19, ( were found in all identified HTs as previously reported (Fig. 4A) . Additionally, these toxin sequences are characterized by high content of G, K, and L-amino acids. A predicted signal secretion peptide was found in all the toxins, and only HT16 has potential N-glycosylation sites at positions 49 and 54 (Fig. 4A ).
The DNA sequences (n=21) of the holocyclotoxins listed in GenBank from Patent WO 2014018724 A1 were translated into predicted HT proteins, and 14 of these 21 HT sequences had full ORFs. These ORFs showed similar sequence characteristics to the HTs described above. Of the 14 full ORFs from this patent, five had 100% identity to five of the 19 HTs outlined in this transcriptome including the previously published HT1 sequence: Table S4 ). Also, HT4 and Sequence 14 (JC962191) are 96% similar to each other but collectively only 30-48% similar to the other HTs.
A subset of these holocyclotoxins -HT1, HT2, HT3 and HT4 -were synthesized. HT1, HT2
and HT4 were labelled with Alexa 488 to determine their capability to bind rat synaptosome preparations in vitro. 
Paralysis symptoms in the neonate mouse assay
This sensitive biological test of paralysis tick toxins in neonatal mice was used to measure the quantitative paralysis index (PI) for each of the synthetic HTs used in the experiment. HT1, HT2 and HT3 scored PIs of 3-4 in all animals under experimentation except one animal in the HT1
group with a score of PI = 9-10 after 8 h (Fig. 6) . HT4 was the only holocyclotoxin capable of inducing severe paralysis and respiratory distress in all neonate mice after 2 h of administration (Fig. 6D ). Mice treated with an HT1, HT2 and HT3 mixture reached PI values equal to 7-8 after 3 h p.i.. In this experimental group, the paralysis symptoms appeared rapidly compared with the positive control inoculated with I. holocyclus SG extract. However, the SG extract induced strong paralysis in the range of PI = 9 after 5-8 h p.i. in the neonatal mice. The negative control did not show any symptoms of paralysis during the experiment (Fig. 6 ).
Discussion
The ecological interaction of the mammalian host with their indigenous ectoparasites is characterized by the development of different host defense mechanisms for rejecting parasite infestations. For example, grooming is an important behavior in monkeys, cats and cattle to reduce the number of external parasites (Nekaris et al., 2013) . The primary line of host defense also relies on complex hemostatic and immunological responses of the host against ectoparasites. For example, ticks counteract the host response and successfully survive attached to the skin of their host via the secretion of a complex mixture of molecules present in tick saliva (Rodriguez-Valle et al., 2010; Chmelar, 2016; Xu et al., 2016) . Host -parasite interactions have been studied using proteomic and transcriptomic analyses of economically important ticks such as A. americanus (Aljamali et al., 2009 ), D. andersoni (Alarcon-Chaidez, 2007 , Ixodes pacificus (Francischetti et al., 2005) , Rhipicephalus microplus (Rodriguez- Valle et al., 2010) , and others. These reports concluded that tick proteins secreted into the tick's attachment site inhibit host hemostatic and immunological responses by diverse mechanisms (Francischetti et al., 2009) sequences which leads to important structural modifications that affect their specific functions (Schwarz et al., 2014; Chmelar, 2016) . Also, peptide members of the Kunitz protein family have diverse activities in venomous scorpions and spiders eg LmKKT-1a, huwentoxin-1, huwentoxin-2, and magi-1 families that inhibit proteases and ion channels (Chen et al., 2012) . RasKLP from Rhipicephalus appendiculatu, is a member of Kunitz family with a highly modified structure that activates maxi K channels but loses its protease inhibition activity, suggesting its potential role in the regulation of host blood influx during tick feeding (Paesen et al., 2009; Schwarz et al., 2014) . In the I. holocyclus SG, the serine protease inhibitors (serpins) would also be important factors for overcoming the hemostatic response of the host by affecting the coagulation, platelet aggregation and complement activation (Rodriguez Valle et al., 2015; Chmelar, 2016; Xu et al., 2016) . In this study, serpins were also identified in the viscera transcriptome which would also be associated with the digestion of host blood proteins. Serpins have been reported in I. ricinus (Iris) (Prevot et al., 2009 ), A. americanum (Mulenga et al., 2013) , Haemaphysalis longicornis (Imamura et al., 2005) , Rhipicephalus haemaphysaloides (Yu et al., 2013) and R. microplus (Rodriguez Valle et al., 2015) .
Metalloproteases (found in the I. holocyclus VISC and SGs) are also commonly found in other Ixodid ticks (including I. scapularis) and are known to affect platelet disaggregation and blood coagulation, thus facilitating blood feeding (Francischetti et al., 2003; Chmelar et al., 2012) . These enzymes are regulated by the uptake of the blood meal, pathogen acquisition and transmission (Francischetti et al., 2003) .
GR proteins (Anatriello et al., 2010) and lipocalins (as HBPs) are usually reported in tick sialome studies. Cutaneous inflammation is a usual skin reaction that affects tick attachment by reducing feeding and reproductive fecundity (Wikel, 1982) . Histamine is released from mast cells and induces vasodilation, leukocyte recruitment and edema formation. Ticks secrete HBPs at the tick attachment site to inhibit physiological reactions of the host against tick infestation, mediated by histamine. SG Salp15 (or Iho-Salp15) transcripts are associated with tick pathogen transmission and have been previously identified in I. scapularis (Das et al., 2001) , I. ricinus (Hovius et al., 2007) , Ixodes sinensis (GenBank Accession Nos. ACV32166, AFP59046, AFP59045) and
Ixodes persulcatus (Hojgaard et al., 2009) . Salp15 adheres to the outer surface protein C (OspC) of Borrelia burgdorferi to form a complex (Salp15 -OspC) that protects the spirochete from antibody-mediated cytotoxicity, enabling host infection. Additionally, it has been reported that I.
scapularis Salp15 inhibits CD4+ cell proliferation by the suppression of the calcium flux stimulated by T Cell receptors (TCR), resulting in reduction of the IL-2 level (Anguita et al., 2002) .
The presence of HTs in ticks has been explained as derivative of a symbiotic organism in a tick or a vestigial function preserved in ticks throughout their evolution toward a parasitic lifestyle . This latter statement is supported by phylogenetic evidence that shows the parasitiformes (Acari) and pseudoscorpions share a common predecessor within the phylum Arthropoda (Cabezas-Cruz, 2014). Additionally, there is extensive evolution of tick proteins as reported for the Kunitz/bovine pancreatic trypsin inhibitor (BPTI) domains in R. appendiculatus. The Ra-KLP secreted in the saliva of R. appendiculatus has an extensive modification of the basic Kunitz fold resulting in a loss of its protease inhibitory capability against a broad range of proteases. However, this protein has a stimulatory effect on Ca
2+
-activated K + channels (Paesen et al., 2009 ). There are diverse tick species directly related with paralysis of the host as D. andersoni, D. variabilis in North America, I. rubicundus and others, but the protein sequences for these tick toxins are yet to be determined . Tick toxins have also been identified in tick egg extracts from other hard tick species such as Amblyomma hebraeum, R. e. evertsi, R. microplus, Rhipicephalus decoloratus and Hyalomma truncatum. The presence of these toxins in eggs was related to egg protection against predation in natural environments . The larvae of Argas (Persicargas) walkerae contain other tick toxins associated with neuropathogenic properties at a molecular weight of 11 kDa (Maritz et al., 2000) .
In this study, a specific family of proteins was identified containing the ICK motif, eight conserved cysteines and homology to holocyclotoxin HT1 (AAV34602) at sequence identities ranging from 30-90% (Vink et al., 2014) . Peptides with the ICK motif usually contain three disulfide bonds (Smith et al., 2011) and are highly represented in the venoms of spiders and other unrelated organisms. HTs have an average molecular weight of approximately 5.9 kDa, a predicted basic pi, and a total of eight cysteines in highly conserved positions. Consequently, HTs have an additional disulfide bond similar to the spider Hadronyche versuta versutoxin, and the ergtoxin from the scorpion, Centruroïdes noxius, but they have different three-dimensional structures as was reported for HT1 (Vink et al., 2014) . A proteomics study confirmed that these toxins are secreted in extensor digitorum longus (EDL) muscles showed that these toxins are functionally similar. The study also showed that HT1, HT3 and HT12 induced muscle paralysis by inhibiting neurotransmitter release through a calcium-dependent mechanism; however, the molecular target of these toxins is currently unknown (Chand et al., 2016) .
Some holocyclotoxins such as HT1, HT2 and HT3 did not induce severe paralysis in the neonatal mouse model; however, when a mixture of these toxins was used, high paralysis scores were achieved. This could be the result of different forms of toxins interacting with each other in saliva to form stable molecular aggregates for a strong toxic effect or by individual toxins acting on different molecular targets. This statement is in agreement with results obtained with toxins from A.
walkerae and I. holocyclus (Thurn, 1992; Maritz et al., 2000) . 19 putative holocyclotoxins (HTs)
